In this study, the optical properties of niobium-doped rhenium disulphide ͑ReS 2 :Nb͒ single crystals have been reported. The doping effects of the material were characterized by polarization-dependent transmittance, photoluminescence ͑PL͒, and piezoreflectance ͑PzR͒ measurements in the temperature range of 10-300 K. The indirect energy gap of ReS 2 : Nb shows a slight redshift with respect to the undoped sample. The low temperature PL spectra reveal two near direct band-edge excitonic peaks as well as two additional prominent features at higher energy side. The results agree well with that of the PzR investigation of the sample. In comparison with the undoped ReS 2 , the excitonic transition energies remain practically unchanged, while the broadening parameter of the excitonic transition features slightly increases due to impurity scattering. In addition, the parameters that describe the temperature variations of the band-edge excitonic transitions were evaluated and discussed.
I. INTRODUCTION
Rhenium disulfide is a semiconductor which belongs to VII-group layer-type structure family of the transition-metal dichalcogenides ͑TMDC͒ with a d 3 electron configuration. 1 Unlike most of other groups of layer TMDC crystals, ReS 2 crystallized in distorted CdCl 2 structure leading to triclinic symmetry. 2 ReS 2 crystallizes in a lattice with strong covalent bonds within a layer consisting of S-Re-S sheets and weak van der Waals interactions between the individual layers. Metal atoms in each ReS 2 crystal layer are actually displaced from the center of octahedral coordination units and formed the short metal-metal distances resulting in chains of metal atoms running through the structure along one of the in-plane axes.
Layered ReS 2 semiconductor is of considerable interest for various applications due to its optical, electrical, and mechanical properties. [3] [4] [5] These applications include a sulfurtolerant hydrogenation and hydrodesulphurization catalyst, 6, 7 and a promising solar-cell material in the electrochemical cells. [8] [9] [10] [11] For the past decade, indirect semiconductors ReS 2 and ReSe 2 have also been attractive because of their highly anisotropic optical and electrical properties in the van der Waals plane. [12] [13] [14] [15] [16] The experimental results clearly indicated that near band-edge transitions ͑i.e., indirect band gap and excitons͒ in ReS 2 are polarization dependent. [17] [18] [19] [20] The absorption-edge anisotropy in the layer plane of ReS 2 crystal possesses the potential capability to fabricate a polarization sensitive photodetector applied in multichannel optical communication for detecting the various orientations of linearly polarized light. 21, 22 The polarization-dependent properties of indirect band gaps of ReS 2 observed by transmission measurements at room temperature provide a potential capability of this layer material to be used as an optical switch applied in polarized optical communication of near infrared ͑NIR͒ region. 19 A few works concerning the doping effect on the properties of ReS 2 and ReSe 2 compounds were reported. [23] [24] [25] Previous works indicate that doping leads to a redshift of the indirect energy gap while the direct band-edge excitonic transition energies remain practically unchanged. 12, 24 In this paper, we report the polarization-dependent optical properties study of ReS 2 : Nb single crystals in the temperature range between 10 and 300 K. The indirect bandedge transitions were studied by means of polarizationdependent transmittance. The polarization-dependent photoluminescence ͑PL͒ and piezoreflectance ͑PzR͒ measurements were used for the determination of the direct band-edge excitonic transitions. The dominant excitonic lines of the PL spectrum were compared with the welldefined energies in the spectral range near the direct fundamental band gaps identified previously by PzR measurements. The doping effects of the material such as the redshift of the indirect energy gap and slight increases of broadening parameters of band-edge excitonic transitions are presented and discussed. The parameters that describe the temperature variations of the excitonic transitions in ReS 2 : Nb layer crystals were evaluated and discussed.
II. EXPERIMENT
The niobium-doped rhenium disulfide single crystals were grown directly from the composite elements ͑Re: 99.99% pure, S: 99.999%, and Nb: 99.99%͒ by the vapor transport method using bromine as a transport agent. 26 The weight of doping material was determined stoichiometrically to obtain the nominal concentration ϳ1% of Nb. Total charge used in growth experiment was about 10 g. ReS 2 :Nb single crystals, such as previously reported undoped ReS 2 , formed thin silver-colored, graphitelike platelets up to 50 mm 2 ͑10ϫ 5 mm 2 ͒ in area and ϳ100 m in thickness. Hall measurements indicate that the samples are n type in nature.
Single crystals with a thickness of about 10 m were used for the transmittance measurements. Plate-shaped crystals were selected and mounted on a copper sample holder. A 150 W tungsten-halogen lamp filtered by a Photon Technology Inc. 0.25 m monochromator provided the monochromatic light. Measurements of the reflectivity and transmission at near-normal incidence configuration with a chopped light were carried out. Rochon prisms were employed for the polarization-dependent measurements. The PL measurements were carried out by collecting the light from the laserilluminated face of the sample in a direction normal to the basal plane ͑001͒. The luminescence excitation was a double frequency YAG:Nd laser ͑YAG denotes yttrium aluminum garnet͒ ͑532 nm͒. The luminescence signals were analyzed by using a Jobin-Yvon "TRIAX 550" spectrometer equipped with a "SIMPHONY" charge coupled device ͑CCD͒ camera. In order to study the polarization properties of PL spectra, an analyzer placed just in front of the entrance slit of the spectrometer was used to set the direction of polarization vector E of the emission light.
The PzR measurements were achieved by gluing the thin single crystal specimens on a 0.15 cm thick lead-zirconatetitanate ͑PZT͒ piezoelectric transducer driven by a 200V rms sinusoidal wave at 200 Hz. 27, 28 The alternating expansion and contraction of the transducer subjects the sample to an alternating strain with a typical rms ⌬l / l value of ϳ10 −5 . The reflected light was detected by EG&G type HUV-2000B silicon photodiode. The dc output of the silicon photodiode was maintained constant by a servo mechanism of a variable neutral density filter. A dual-phase lock-in amplifier was used to measure the detected signal. Modulated spectra were normalized to the reflectance to obtain ⌬R / R. An RMC model 22 close-cycle cryogenic refrigerator equipped with a digital thermometer controller was used to control the measurement temperature between 10 and 300 K with a temperature stability of 0.5 K or better.
III. RESULTS AND DISCUSSION
The crystal morphology and the crystal structure in the van der Waals plane of ReS 2 : Nb are shown in Fig. 1 . The weak van der Waals bonding between the layers of the material means a good cleavage property in the basal plane, which can be utilized to obtain thin specimen. The main crystal edges in the basal plane of ReS 2 correspond to the shortest and second shortest axes. The direction of the shortest axis can be determined by the layer splitting along asgrown thin dark lines which correspond to the longest crystal edge oriented along the Re-cluster chains. According to the structural parameters of ReS 2 crystals calculated previously from the spectra of x-ray diffraction, the in-plane b axis is parallel to the Re-cluster chains oriented along the ͓010͔ direction ͑see Fig. 1͒ and is always the shortest axis in the basal plane.
14 The measurements were performed for both E ʈ b and E Ќ b polarizations.
The indirect band-edge transitions of the ReS 2 : Nb were studied by means of polarization-dependent transmittance measured at near-normal incidence. The absorption coefficient ␣ was determined from polarization-dependent optical transmittance by taking into account the spectral dependence of the reflectance using the relation
where T r represents the transmission coefficient, R is the reflectivity, and d is the sample thickness. The variation of the absorption coefficient of ReS 2 : Nb with photon energy at several representative temperatures between 10 and 300 K is presented in Fig. 2 . The open-square curve corresponds to the E ʈ b polarization and the solid-square curve represents E Ќ b polarization for ReS 2 : Nb. The small oscillations below the absorption edge attributed to interference effects are frequently observed for thin layered crystals. 30 The polarization dependence of the absorption curves provides conclusive evidence that the two optical absorption edges are associated with interband transitions from different origins. The polarization-dependent experimental data analysis of the absorption coefficient ␣ shows an indirect allowed transition for the investigated materials.
The experimental points for ͑␣h͒ 1/2 versus photon energy h deduced from polarization-dependent absorption measurements for ReS 2 : Nb at several representative temperatures between 10 and 300 K are shown in Fig. 3 . The open and solid squares are data points from the E ʈ b and E Ќ b polarization measurements, respectively; and the solid curves are the least-squares fits to the expression
where h is the energy of the incident photon, E g ind is the indirect band gap, E p is the energy of the phonon assisting the transitions, and A and B are constants. The first term on the right-hand side of Eq. ͑2͒ corresponds to absorption of a photon and a phonon, whereas the second term corresponds to absorption of a photon and emission of a phonon and contributes only when h ജ E g ind + E p . To evaluate the band gap E g ind and phonon energy E p with the use of Eq. ͑2͒, the background absorption is subtracted out. The results indicate that the Nb-doped sample is an indirect semiconductor, in which polarization along the Re chains exhibits a smaller band gap and a single phonon makes an important contribution in assisting the indirect transitions. The nonuniform thickness and nonsmooth sample surface will tend to cause the angles of incidence to deviate from the normal direction, resulting in some variations in the absorption spectra. The indirect gaps denoted as E gʈ ind and E gЌ ind refer, respectively, to the indirect gap with E ʈ b and E Ќ b polarizations. Differing values of E g ind and E p could be obtained by fitting a different energy range; thus, errors of the order of ±0.02 eV and ±5 meV can be deduced for the estimates of E g ind and E p , respectively. The fitted values of the energy gaps and phonon energy of the ReS 2 : Nb crystals at room temperature are summarized in Table I . The results show that incorporation of small amounts of niobium into ReS 2 shifts the absorption edge by about 0.03 eV towards the lower energy region. This observation agreed well with the previous absorption study of Mo-doped ReS 2 single crystals. 23 The physical origin of the shift may come from the existence of n-type impurity, which in general will contribute to the absorption near the band tail. The parameters that describe the temperature dependence of the absorption edges with different polarizations in the van der Waals plane will be discussed in a latter section.
The typical unpolarized and polarization-dependent PL spectra of ReS 2 : Nb in the 1.5-1.75 eV energy range at a constant laser excitation intensity of ϳ3 W/cm 2 ͑ = 532 nm͒ are illustrated in Fig. 4 . Unpolarized PL spectra and the spectra with polarization perpendicular and parallel to the chains are shown by open-triangle, open-square, and open-circle curves, respectively. To assign simple radiative bands from the complex spectrum of photoluminescence, a multipeak Lorentzian line shape analysis offered by the software ORIGIN was employed. From the line shape fit, two well-resolved excitonic features marked by E 1 ex and E 2 ex at 1.552 and 1.585 eV with full width at half maximum ͑FWHM͒ of ϳ13.8 and ϳ14.6 meV, respectively, were observed in the PL spectra at 10 K. In addition, on the higher energy side of the spectra, another two peaks labeled as barely resolved with an energy separation of ϳ14 meV, while the well-resolved features E 1 ex and E 2 ex have an energy difference of ϳ33 meV. As shown in Fig. 4 , the E 1 ex excitonic peak is forbidden for E Ќ b polarization, whereas the E 2 ex peak is disallowed for E ʈ b polarization. Our experiments indicated that the two PL peaks E 3 ex and E 4 ex have shown no polarization dependency as both features were observed in E ʈ b and E Ќ b polarization spectra. It is also worth noting that the intensities of E 3 ex and E 4 ex for the Nb-doped sample are significantly enhanced by comparing with the undoped and Mo-doped ReS 2 . The entirely different polarization selection rules for these four features show that they originated from totally different origins. Temperaturedependent PL spectra of the excitonic transitions in the temperature range between 10 and 90 K are demonstrated in Fig.  5 . The open triangles are the experimental data of unpolarized PL spectra and the solid lines are least-square fits to the multipeak Lorentzian line shape that yield transition energies indicated by arrows. As the temperature increases, the excitonic features demonstrate an energy redshift behavior as well as the decreasing character of line intensities. The intensities of E 3 ex and E 4 ex features decrease rather drastically with respect to temperature increasing and become completely quenched at T =90 K.
Previous research reports concerning the optical property study of ReS 2 utilizing PzR have revealed optical anisotropy consisting of strong polarization dependence of interband excitonic transitions in the vicinity of the direct band gap E g d . 12, 31 The temperature-dependent PzR spectra of ReS 2 :Nb with E ʈ b and E Ќ b polarizations at various temperatures between 10 and 300 K are shown in Fig. 6 . The open-circle and open-square curves are, respectively, the experimental PzR spectra of E ʈ b and E Ќ b polarizations. In the low energy side of PzR spectra, two dominant structures associated with band-edge excitonic transitions were identified: the E 1 ex feature was detected at E ʈ b polarization while E 2 ex feature was observed at E Ќ b polarization only.
12,17 The higher lying E 3 ex and E 4 ex features were also detected. It should be mentioned that intensity of PzR signal at the higher energy region is quite similar to the PL counterparts, showing considerable enhancement for Nb-doped ReS 2 in comparing with the previous investigations of undoped and Mo-doped ReS 2 single crystals. In order to determine the energy positions associated with observed optical transitions and to identify those unknown spectral features, the PzR spectrum of excitonic transitions has been fitted by a Lorentzian line shape expression,
where A i ex and i ex are the amplitude and phase of the line shape, and E i ex and ⌫ i ex are the energy and broadening parameters of the interband excitonic transitions, respectively. The fitting results illustrated as solid lines ͑Fig. 6͒ are the leastsquares fits to the experimental data. Arrows at the bottom of PzR spectra show the peak positions of the main excitonic features, respectively. The values of transition energies and broadening parameters at room temperature and 10 K, analyzed by Eq. ͑3͒, are presented in Table II . The parameters of the near band-edge excitonic transitions determined by polarization-dependent PzR measurements of Mo-doped ReS 2 ͑Ref. 23͒ and undoped ReS 2 ͑Ref. 23͒ are listed in Table II for comparison purpose. The fitting results of ReS 2 : Nb samples confirm that the direct band-edge excitonic transition energies E 1 ex and E 2 ex are not sensitive to a small concentration of niobium doping, and broadening parameter values are slightly increased due to impurity scattering. These observations agree with the results reported previously for Mo-and W-doped ReSe 2 single crystals. 24 The values of transition energies obtained in the PzR spectra are consistent with those of the PL spectra.
The experimental values of the temperature dependence of E 1 ex ͑T͒ and E 2 ex ͑T͒ as well as E gʈ ind ͑T͒ and E gЌ ind ͑T͒ for ReS 2 : Nb are presented in Fig. 7 . The uncertainties of experimental data are expressed in the form of representative error bars. The dotted curves in Fig. 7 are the least-squares fit to the Varshni empirical relationship,
where i = 1 or 2, E i ͑0͒ is the transition energy at 0 K, and ␣ i and ␤ i are Varshni coefficients. The constant ␣ i is related to the electron ͑exciton͒-phonon interaction and ␤ i is closely related to the Debye temperature. 20 and photorefelctance 22 ͑PR͒ are also listed in Table  III .
The temperature-dependent data of the interband excitonic transition energies have also been fitted by an expression containing the Bose-Einstein occupation factor for phonon, 34 ,35
where i = 1 or 2, a iB represents the strength of the electron ͑exciton͒-phonon interaction, and ⌰ iB corresponds to the average phonon temperature. The fitted results are shown in Fig. 7 As shown in Table III , the values of the electron-phonon coupling constants ␣ i in Eq. ͑4͒ and a iB in Eq. ͑5͒, which describe the temperature dependence of the indirect band gaps for ReS 2 , are larger than those for the direct band-edge excitonic transition energies. The phenomena can be explained by the fact that the reduction in the thermal broadening of the exciton causes a faster shift of the absorption tail with temperature lowering. These results are similar to the previous reports on low energy absorption in MoS 2 and MoSe 2 layered crystals. 36 The experimental values of the linewidth ⌫ i ex ͑T͒ of ReS 2 : Nb as obtained from the line shape fit are displayed in Fig. 8 by the solid open circles and open squares with representative error bars for the E 1 ex and E 2 ex excitonic transitions, respectively. The temperature dependence of the linewidth can be expressed as 34, 35 
, ͑6͒
where i = 1 or 2. The first term represents the broadening invoked from temperature-independent mechanisms, such as impurity, dislocation, electron interaction, and Auger processes, while the second term is caused by the Fröhlich interaction. The quantity ⌫ iLO represents the strength of the electron ͑exciton͒-LO phonon coupling while ⌰ iLO is the LO phonon temperature. The solid curves in Fig. 8 represent least-squares fits of the experimental data which enable the evaluation of ⌫ i0 , ⌫ iLO , and ⌰ iLO for the excitonic transitions of ReS 2 : Nb. The obtained values of these quantities are listed in Table IV together with the numbers for undoped ReS 2 determined by PzR ͑Ref. 12͒ and TR measurements. 20 For comparison purposes, the numbers for fitting parameters from previous reports on polarization-dependent transition energies determination of undoped ReS 2 single crystals, measured by PzR, 12 TR, 20 and PR, 22 are also included. As shown in Table III 2 : Nb are in the range of 40-60 meV, which are considerably larger than those reported for a number of semiconductors, such as GaAs ͑ϳ20 meV͒ ͑Ref. 37͒ and ZnSe ͑ϳ24 meV͒. 38 We suspected that the large values of ⌫ LO may be the general characteristics of crystals with layer structure. However, a more systematic experimentation should be carried out to verify this property.
IV. SUMMARY
The effects of Nb dopant on the optical properties were studied. The results indicate that incorporation of niobium into the host lattice ReS 2 can cause a small redshift of the indirect energy gap of the Nb-doped ReS 2 sample as determined from the transmittance spectra. The PL spectra of ReS 2 : Nb observed by means of linearly polarized light at normal incidence to the basal plane revealed two strongly polarization-dependent main peaks, E 1 ex and E 2 ex , while the higher lying E 3 ex and E 4 ex peaks have shown no polarization dependence. The direct band-edge excitonic transition energies E 1 ex and E 2 ex of ReS 2 : Nb single crystals obtained by PzR measurements remain practically unchanged in comparison with undoped ReS 2 . Nevertheless, the doping effect shows up in a slight increase of the broadening parameter of the excitonic features. It is also worth noting that, by doping with niobium, the intensities of the higher lying E 3 ex and E 4 ex peaks have significantly enhanced over that of the samples doped with Mo. 
Introduction
The family of transition metal dioxide compounds with rutile-type structure possesses an interesting variety of electrical and magnetic properties [1] . Conductive transition metal dioxides with rutile-type structure show potential applications in substituting for the metals currently used in conductive lines which serve to connect components of semiconductor and electrode materials in ferroelectric memory devices [2] [3] [4] . Osmium dioxide, OsO 2 , belongs to this family of compounds; little is known of its fundamental properties. This may be due in part to the highly toxic nature of the readily formed and volatile tetroxide of the material [5] . This report presents the first-order Raman spectra of OsO 2 . To the best of our knowledge only one such report on the phonon frequencies of the four Raman-active modes in OsO 2 exists [6] . The existing literature merely lists a Raman spectrum from a small crystal of OsO 2 , oriented so as to display all four Raman-active lines. In the present study, the group symmetry restraints of the Raman-active phonons and the Raman selection rules are discussed. The results are then utilized to classify the experimentally observed polarized Raman spectra of the four phonon modes. Comparisons are made with results for other metal dioxide [7] [8] [9] [10] [11] [12] [13] and metal fluoride [10, 14] compounds, which possess similar rutile-type structure. 4 Author to whom any correspondence should be addressed. 
Experimental details
Single crystals of OsO 2 with well-developed faces were grown in our laboratory by the chemical transport method [15] . OsO 2 was grown by the oxidation of high-purity osmium with excess NaClO 3 or NaBrO 3 in an evacuated, sealed silica tube. The volume of the tube was about 100 cm 3 after sealing, and the excess NaClO 3 or NaBrO 3 was sufficient to complete oxidation of Os to OsO 2 . The processes of NaClO 3 or NaBrO 3 decomposition and Os oxidation were accomplished simultaneously by slowly heating the silica tube and its contents to 300
• C over 48 h and subsequently firing at 650
• C for an additional 48 h. This treatment resulted in an apparent complete decomposition of the chlorate or bromate with the formation of golden OsO 2 powder in one end of the tube. The tube was then transferred to a horizontal furnace and positioned so as to provide a temperature gradient along the length of the tube, which is about 20 cm long. The charge of OsO 2 in one end was maintained at 920
• C, and the opposite end of the tube was held at 900
• C for 240 h. The transported crystals were about 3-5 mm across a polyhedral face. The x-ray powder diffraction analysis was performed to ascertain that tetragonal rutile structure had been obtained. The crystals were x-ray pre-oriented with respect to the directions and polarizations of the incident and scattered light. A representative crystal showing the as-grown (110) and (111) planes together with the prescribed polarization configurations is illustrated in figure 1 .
Raman measurements were made on as-grown (110) and (111) faces in the backscattering geometry utilizing a DILOR XY-800 triple-grating Raman spectrometer equipped with a liquidnitrogen-cooled CCD and an OLYMPUS BH-2 microscope. The 5145 Å line of an argon ion laser was used as the excitation source, and was focused on the sample surface with a 100× objective. The focusing spot size is about 1 µm in diameter and the laser power density is estimated to be about 1 W cm −2 . Prior to the measurement, the system was calibrated by means of the 520 cm −1 Raman peak of a Si single crystal. The spectra exhibited approximately a 0.5 cm −1 resolution with the slit width of 30 µm. For frequency less than 250 cm −1 , an argon purge was used to suppress the N 2 lines.
Symmetry analysis
OsO 2 has the tetragonal rutile structure belonging to the space group D and the anions occupy sites with C 2v symmetry. The Os ions are surrounded by six oxygen ions at the corners of a slightly distorted octahedron, while the three Os ions coordinating each of the oxygen ions lie in a plane at the corners of a nearly equilateral triangle. There are four Raman-active modes with symmetries A 1g , B 1g , B 2g , and E g [15] . The first three are singlets and the last is a doublet.
Corresponding to each Raman-active mode, there is a scattering tensor α having a distinctive symmetry. For the four allowed Raman transitions in materials of D 
The displacements of atoms associated with the four Raman-active vibrations are shown in figure 3 [9] . To examine experimentally a given component α i j , the geometry is arranged such that the incident light is polarized in the i -direction while only the scattered light of j -polarization is observed. A full classification of the four Raman-active modes may be accomplished as follows. The geometric configurations for the various axes used in this experiment are denoted as
The expressions for the relative Raman intensities correlating to various |α i j | 2 for the two different crystal orientations along (110) and (111) faces in the backscattering configurations are listed in table 1. The results show that the B 1g mode is forbidden for all configurations for scattering from the (110) face and is allowed only for the α x y -configuration from the (111) face. The E g mode is allowed for α x z -, α x y -, and α y y -configurations, while the allowed configurations for the A 1g mode are α x x , α z z , α x x , and α y y . The B 2g mode is allowed for α x x -, α x x -, and α y y -configurations. (110) face
Results and discussion
Plotted in figures 4(a)-(c) are the Raman spectra observed for scattering from the as-grown (110) surface of single-crystal OsO 2 for the cases of α x x -, α x z -, and α z z -configurations, respectively. Figure 4 (a) shows two Raman peaks at 685 and 726 cm −1 whereas figures 4(b) and (c) show only one peak each at 544 and 685 cm −1 , respectively. Mode assignment with the aid of table 1 shows that these features correspond to the E g mode (544 cm −1 ), the A 1g mode (685 cm −1 ), and the B 2g phonon (726 cm −1 ). Our identification of the peak positions of the three lines agreed extremely well with that of [6] , which is so far the only report on the material.
In figures 5(a)-(c) we display the Raman spectra seen for scattering from the (111) face for the polarization arrangements α x x , α x y , and α y y , respectively. Note that in figure 5(b) , in addition to a strong peak at 544 cm −1 , a very sharp weak feature at 184 cm −1 is observed. This is the B 1g phonon mode and the peak position agrees very well with that of [6] where it is determined as being at 187 cm −1 . This is the only configuration where the B 1g line is allowed (see table 1 ). The polarization configurations of the other three Raman signatures at locations 544, 685, and 726 cm −1 lead to a consistent symmetry assignment of these structures as indicated by table 1 and with that given by figures 4(a)-(c). It is also worth noting that the relative intensity ratios of B 2g to A 1g modes for α x x -and α x x -configurations are consistent with that given by table 1, where I (B 2g )/I (A 1g ) = d 2 /a 2 ≈ 3.4. As shown in figures 4 and 5, the Raman spectra of OsO 2 exhibit strong lines of A 1g , E g symmetries, a high-frequency line of B 2g symmetry, and a very sharp and weak low-frequency B 1g mode. A careful search for the B 1g mode is necessary, since the intensity of this mode is smaller than that of the E g mode by a factor of 50 or more. The frequency and symmetry assignments for the four Raman-active phonons of OsO 2 are listed in table 2. For completeness and comparison, the table also summarizes the previously reported results for a number of other metal dioxides (OsO 2 [6] , RuO 2 [7, 8] , IrO 2 [9] , TiO 2 [10] , SnO 2 [11] , and CrO 2 [12] ), GeO 2 [13] , and metal fluorides (MgF 2 [10] , ZnF 2 [10] , FeF 2 [10] , MnF 2 [10] , and CoF 2 [14] ) with the rutile structure.
The Raman spectra of OsO 2 are quite sharp, with very little background. The observed full width at half-maximum (FWHM) at room temperature is about 2. for B 1g , A 1g , E g , and B 2g modes, respectively. These values are comparable to those for the insulating rutile materials and unlike those for metallic VO 2 [18] (rutile structure), for which only a strong, broad band near 550 cm −1 has been observed. It is also most appropriate to compare the Raman spectra of OsO 2 to those of the isostructural dioxide compounds of Ir, Ru, and Cr. The B 2g mode of these metal dioxides is comparatively soft as compared to the corresponding phonon modes of the insulating metal oxides TiO 2 [10] and SnO 2 [11] . The relative intensities of the B 2g mode in the metallic materials OsO 2 (see figures 4 and 5), IrO 2 , RuO 2 , and CrO 2 are considerably greater compared to those for the transparent rutile materials [9, 10, 12] . Srivastava and Chase [12] have attributed this behaviour in CrO 2 to a plasma-edge-induced resonance enhancement. In the B 2g mode, all of the nearest-neighbour oxygen atoms move toward one cation and away from the other inequivalent cation in the unit cell. This mode is likely to be resonance enhanced by the plasma edge present in the metallic-like oxides because of the charge density fluctuations produced near the cation sites by such oxygen displacements. Table 2 shows that OsO 2 has the hardest B 1g mode of all the rutile materials investigated to date. The similarity of the Raman-active phonons for OsO 2 and
Summary
In summary, the polarized first-order Raman spectra have been measured at room temperature for single crystals of metallic OsO 2 . The four Raman-active phonons predicted by group theory have been observed and classified. Comparison is made with results for other rutile materials. The B 2g mode is softer compared to the corresponding phonons in the insulating material oxides, while OsO 2 shows the hardest B 1g mode of all the rutile materials investigated to date.
